The aim of the study was to elucidate the mechanism of the previously reported close correlation observed between noradrenaline and cAMP in a lymphocyte preparation (LP) isolated from peripheral venous blood in healthy subjects. A close correlation was also obtained in the present study between lymphocyte noradrenaline and adrenaline and cAMP both in the basal state and after stimulation with isoproterenol (P 0.05 to 0.007).
INTRODUCTION
We have recently shown that a lymphocyte preparation (LP) obtained from peripheral venous blood contained both noradrenaline (NA) and adrenaline (AD). A close correlation was observed between LP NA and LP AD on lymphocytes. We speculated that LP NA and AD were derived from internalization of β # -adrenoceptors and deposited in the endosomes. Some observations, however, were not in accordance with this hypothesis. In a group of young subjects we observed that lymphocyte β # -adrenoceptor mRNA and the frequency of natural killer cells, which have a high density of β # -adrenoceptors, increased concomitantly during a maximal exercise study, whereas LP NA and AD remained unchanged (J. H. Knudsen and N. J. Christensen, unpublished work). Although approximately 99 % of thrombocytes were removed during the preparation of lymphocytes, the LP contained a small number of thrombocytes. Numbers of thrombocytes and lymphocytes in LP were approximately equal, i.e. there was one thrombocyte per lymphocyte. Thus it is possible that NA in LP could be derived from residual thrombocytes. The first aim of the present study was to test the hypothesis that the content of NA and AD in LP was an index of the number of residual thrombocytes in LP. The second aim was to elucidate the mechanism of the relationship between LP NA and cAMP.
METHODS

Subjects and protocol
The protocol was approved by the local ethics committee. Ten healthy male, non-obese subjects with a mean age of 63 (range 57-72) years were investigated after they had given informed written consent. All subjects fasted overnight. At 08 : 00 h a catheter was placed in an antecubital vein and the subjects rested in the supine position for 30 min. Thereafter a blood sample was collected.
Plasma NA and AD were determined in all 10 subjects. LP NA and AD were determined in 10 and 9 subjects using RPMI 1640 medium with and without BSA during the washing procedure respectively. Cyclic AMP production in LP was determined in eight subjects both in the basal state and after addition of isoproterenol (ISO). The number of thrombocytes in LP was determined in 10 subjects using RPMI and BSA during the washing procedure and in 9 subjects using RPMI alone. Thrombocyte NA and AD concentrations were determined in seven subjects. The frequency of thrombocytes in peripheral venous blood was determined in 10 subjects.
Blood samples were obtained from three patients with phaeochromocytomas in order to examine the relationship between plasma NA and AD and LP NA and AD. In one of the patients samples were obtained before and after administration of α-methyltyrosine (Demser2, Merck, Sharp and Dohme, U.S.A.), which blocks the biosynthesis of catecholamines. This drug was given for therapeutic reasons.
Additional samples were obtained from 10 normal subjects. Four samples were used to study the relationship between number of thrombocytes and cAMP production in LP. The number of thrombocytes in LP was increased by adding thrombocytes to LP. The role of prostaglandins was examined by repeating these experiments after the addition of indomethacin (Confortid2, A\S Dumex, Denmark), which inhibits prostaglandin synthesis. The effect of propranolol (10 −' M) and cimetidine (2i10 −& M) was examined. Cyclic AMP was measured in one experiment separately in the buffer solution, in lymphocytes and in thrombocytes both before and after the addition of thrombocytes to lymphocytes.
In six subjects the number of thrombocytes per lymphocyte was further reduced by low-speed centrifugation (the blood sample was centrifuged at 350 g and not at 1250 g before the blood was layered on LYMPHOPREP). Furthermore, no BSA was added to the buffers during the isolation procedures.
Isolation of lymphocytes
Blood for isolation of lymphocytes was sampled in glasses with EDTA as anticoagulant. Mononuclear cells, mainly lymphocytes, were isolated by density centrifugation on LYMPHOPREP4 (Nycomed Pharma, Oslo, Norway). Initially blood was layered on LYM-PHOPREP4 and centrifuged for 30 min at 394 g and 21 mC. Lymphocytes were isolated and washed three times in RPMI 1640 medium with Hepes buffer (Life Technologies, Denmark) with and without BSA (0.5 %) at 4 mC. Erythrocytes and 99 % of the thrombocytes were removed by the isolation procedure. The cell concentration was adjusted and 1i10( cells were used for measurement of NA and AD in LP and 5i10& cells for cAMP studies. The supernatant obtained after the third wash was analysed on several occasions for the presence of NA and AD. No catecholamines were detected, even in one of the patients with phaeochromocytoma who had very high plasma catecholamine levels. Thrombocytes were isolated using low-speed centrifugation (350 g).
Measurement of catecholamines
Measurement of plasma NA and AD Plasma NA and AD were measured by a radioenzymic assay [1] . Blood was collected in ice-cold tubes containing EGTA (1.7 mg per ml of blood) and reduced glutathione (1.2 mg per ml of blood). Cells and plasma were separated within 10 min in a refrigerated centrifuge at 1800 g and plasma stored at k80 mC.
Before analysis, samples were precipitated with an equal volume of 0.6 M perchloric acid and 100 µl of the supernatant was added to 100 µl of an isotope-enzyme mixture, which contained a Tris\HCl buffer (2 M,
The mixture was incubated for 1 h at 37 mC. The COMT was prepared in the laboratory from rat liver. COMT was added in amounts that gave an optimal ratio between a standard plasma sample and the blank. This was carefully checked for each preparation of COMT. After incubation unlabelled normetadrenaline and metadrenaline were added and samples extracted with a mixture of isoamylalcohol\toluene (2 : 3). Metadrenalines were re-extracted into HCl, and 120 µl injected into HPLC (Waters Cooperation, U.S.A.). The HPLC separation of normetadrenaline and metadrenaline was accomplished with a 120i3 mm Nucleosil C ") reverse-phase column. The mobile phase consisted of a dilute phosphoric acid (30 mM, pH 1.8) with 2 % (v\v) methanol added before use. The retention times of the cold metadrenalines were measured by UV detection at 276 nm to ensure that the labelled metadrenalines were collected at appropriate elution times. Typical elution times were 2.6 min for normetadrenaline and 4.0 min for metadrenaline. The eluate was collected in 1.0-min fractions centred on these values. There was no cross-over between the two peaks.
After HPLC $H-labelled normetadrenaline and metadrenaline were oxidized to vanillin and counted by liquid-scintillation spectrometry.
Intra-assay coefficients of variation for NA and AD in samples containing normal basal values were 6 % and 8 %, respectively (n l 10). The corresponding interassay coefficients of variation for NA and AD were 7 % and 11 % respectively (n l 10). The sensitivity of the intraassays, calculated as three times the standard deviation of the analytical blank, was 0.3 and 0.5 pg\assay for AD and NA respectively. Corresponding values for interassays were 0.5 pg\assay for both AD and NA.
Measurements of NA and AD in lymphocytes
Blood was collected in tubes containing EDTA. Lymphocytes were isolated as described above and the number adjusted to 10( cells. For determination of NA and AD in LP, samples were frozen after removal of extracellular fluid. The drained cell volume constituted approximately 90 µl. On the day of analysis, 200 µl of a buffer containing albumin (6 %) was added and samples were immediately precipitated with perchloric acid and homogenized. One hundred microlitres was used for analysis as described above. Recovery of NA and AD added to lymphocyte samples was 76p3.6 % (meanp S.E.M.) and 79p2.9 % respectively. NA and AD in thrombocytes were measured in the same way as in lymphocytes.
Cyclic AMP assay
Cyclic AMP was measured by radioimmunoassay (Amersham, U.K.) in duplicate. Cyclic AMP was always measured in LP isolated without BSA, because the presence of BSA reduced the response. Phosphodiesterase was inhibited by preincubation for 15 min at 37 mC with 1.5 mM 3-isobutyl-1-methylxanthine (IBMX) (Sigma Chemicals, St. Louis, MO, U.S.A.). Cells were stimulated with various concentrations of ISO. The stimulation was stopped by the addition of two volumes of ice-cold ethanol and freezing in liquid nitrogen.
Statistics
Mean differences between related samples were analysed by Student's t-test for pairwise comparisons. A one-way repeated measures analysis of variance was used when there were more than two related samples. Correlations were performed using the Spearman test (R s ). Linear regression analysis (r) was also performed. A P value 0.05 was considered statistically significant. Table 1 shows the mean plasma and LP NA and AD concentrations. Plasma and LP catecholamines were not correlated. There was a significant correlation between LP NA and LP AD (with BSA during the washing procedure R s l 0.95, P 0.005 ; with RPMI alone R s l 0.68, P 0.04). Table 2 shows the mean cAMP concentration in LP without BSA. Results were obtained with and without the addition of IBMX and after the addition of ISO in various amounts plus IBMX.
RESULTS
Significant correlations were obtained between the NA and AD contents of the LPjBSA and the cAMP concentration measured in LP from the same subjects. Cyclic AMP was measured in the basal state and after stimulation with ISO. The following correlations were significant : NA and cAMP after stimulation with ISO, 10 −( M [R s l 0.75, P 0.04 ; r l 0.85, P 0.007 ( Figure  1) ], AD and cAMP in the basal state after the addition of IBMX (R s l 0.72, P 0.05), AD and cAMP after stimulation with ISO, 10 −) M (R s l 0.80, P 0.02), and AD and cAMP after stimulation with ISO, 10 −( M (R s l 0.88, P 0.007).
The mean number of thrombocytes in LP with and without BSA in the washing procedure was 2.7p0.03 and 1.1p0.2 thrombocytes per lymphocyte respectively. The number of thrombocytes was significantly greater with RPMI plus BSA compared with RPMI alone (P 0.001). The mean NA and AD concentrations per 10( thrombocytes averaged 4.3p0.5 and 0.5p0.1 pg (n l 7) respectively. Figure 2 shows the correlation between the NA content of LP (with and without BSA) and NA which could be ascribed to residual thrombocytes (calculated from the number of thrombocytes in a given LP and the Table 2 Cyclic AMP in the lymphocyte preparation in the basal state, after addition of
3-isobutyl-1-methylxanthine (IBMX) and after stimulation with isoproterenol (ISO) in various amounts
Results are meanspS.E.M. Results were obtained in eight subjects.
ISO(jIBMX)
NA content of the thrombocytes in the same individual). This relationship was highly significant (R s l 0.72, P 0.007). The figure shows that LP contained slightly more NA than could be accounted for by the presence of residual thrombocytes, but clearly the difference was very small and not significant. There was no difference between LP AD and AD which could be ascribed to residual thrombocytes. In four subjects the number of thrombocytes per 10( lymphocytes was further reduced by low-speed centrifugation during the washing procedure. The number of thrombocytes decreased from 0.9p0.07 to 0.38p0.09 thrombocytes per lymphocyte (P 0.006). Corresponding values for LP NA without BSA were 7.9p2.6 and 2.2p1.4 pg (P 0.05) respectively. Table 3 shows LP NA and AD values obtained in three subjects with phaeochromocytoma. The corresponding plasma concentrations are also given. In one of the subjects several samples were obtained during treatment with an inhibitor of catecholamine synthesis, α-methyl-L-tyrosine, which was given due to the presence of catecholamine myocarditis. The ratio between NA in LP and in plasma and the corresponding values for AD are also included in Table 3 , as well as mean values obtained in the normal subjects. All data presented are from LP without BSA, because LPs from patients with phaeo-Thrombocytes and cAMP in lymphocytes The latter value was calculated from the number of thrombocytes present in the lymphocyte preparation and the mean concentration of NA in thrombocytes. #, no BSA added during the isolation of the lymphocytes ; $, BSA added to the buffers used during the isolation of thrombocytes. chromocytoma were only obtained using RPMI without BSA. In the three patients with phaeochromocytoma, there was a close correlation between NA in plasma and in LP and between AD in plasma and in LP, and the ratio was approximately similar to that obtained in normal subjects.
Patients with phaeochromocytoma
In vitro experiments
In four different experiments, 5i10' thrombocytes were Table 3 NA and AD in plasma and in lymphocytes a in normal subjects and in three patients with phaeochromocytoma
The ratio between lymphocyte NA and plasma NA and the corresponding ratio for AD are also given. control samples and had no effect. The addition of propranolol or cimetidine had no effect either on basal or thrombocyte-stimulated cAMP (results not shown).
In two subjects different numbers of thrombocytes were added to LP. The number of residual thrombocytes was reduced by low-speed centrifugation of the blood sample to 0.1 and 0.2 thrombocytes per lymphocyte respectively. Figure 4 shows the relationship between number of thrombocytes added to LP and the corresponding cAMP concentration measured in LP. Cyclic AMP in LP increased with increasing numbers of thrombocytes added to LP.
Cyclic AMP was measured in one experiment separately in the buffer solution, in thrombocytes and in lymphocytes both before and after the addition of thrombocytes. The cAMP concentration increased from 7p0.4 to 16p0.3 fmol per 10$ cells (n l 4) after the addition of 10% thrombocytes to 10$ lymphocytes. This 2.3-fold increase is comparable to that seen in the other experiments. A similar value of 16 fmol (n l 4) was obtained when lymphocytes were analysed separately after the buffer and thrombocytes had been removed.
Frequency of thrombocytes in peripheral venous blood
The average number of thrombocytes in peripheral venous blood was 227p14i10*\l. There was a significant relationship between the frequency of thrombocytes in peripheral venous blood and NA and AD in LPjBSA (LP NA R s l 0.84, P 0.004 ; LP AD R s l 0.75, P 0.016), whereas the relationship between the frequency of thrombocytes in the blood and thrombocytes in LP was of borderline significance (P l 0.054). The frequency of thrombocytes in peripheral blood was correlated to basal cAMP plus IBMX in LP (R s l 0.77, P 0.03), but not to ISO-stimulated cAMP.
DISCUSSION
The present study confirmed our previous finding that there is a close correlation between LP NA and AD on the one hand and cAMP production in LP on the other [1] . We have also previously pointed out that NA in LP could not be directly responsible for the increase in cAMP, because the concentration of NA was too low to increase cAMP as evaluated in in vitro experiments. We suggested that NA and AD in LP may have been derived from internalization of β # -adrenoceptors and represented a depot in lymphocyte endosomes. A number of findings, however, did not support this hypothesis. As mentioned previously we observed that both the frequency of natural killer cells, which have a high density of β # -adrenoceptors, and lymphocyte β # -adrenoceptor mRNA increased concomitantly during physical exercise, whereas LP NA and AD remained unchanged.
The present results are compatible with the view that NA and AD in LP are derived from residual thrombocytes. Firstly, amounts of NA and AD in LP were not significantly greater than could be ascribed to residual thrombocytes in LP, and secondly, there was a correlation between LP NA and NA calculated from the number of thrombocytes in LP and the average concentration of NA in thrombocytes. We cannot exclude the possibility that NA in residual thrombocytes and the average thrombocyte NA concentration were different, but this possibility seems to be less likely. Our findings suggest that LP NA and AD were derived from residual thrombocytes and therefore from plasma catecholamines and this conclusion is supported by the findings in patients with phaeochromocytoma.
How can we explain the relationship between cAMP and NA ? Cyclic AMP in LP was derived from lymphocytes\monocytes. NA in LP may only be a marker of the number of thrombocytes in LP. This hypothesis is supported by the experiment, in which thrombocytes were added to LP. Cyclic AMP increased significantly after the addition of thrombocytes to LP. Furthermore, the experiments where indomethacin was added to LP indicated that the effect of thrombocytes on cAMP production in lymphocytes was mediated at least in part by prostaglandins. Human thrombocytes form thromboxane A # , which is unlikely to be responsible for the increase in cAMP in lymphocytes. Thromboxane A # stimulates the TP (thromboxane prostanoid) receptor, and increases Ca# + but not cAMP in the cells [2] . We have previously shown that prostaglandin E # may be released in LP in response to concanavalin A [3] . Furthermore, it is well established that prostaglandin E # may increase cAMP in lymphocytes [4] [5] [6] . It is therefore possible that the thrombocytes released a factor, which increased the release of prostaglandins from monocytes in LP [7] . Alternatively, the thrombocytes may have supplied precursors, which in LP could be transformed into prostaglandins. Wu et al. [8] showed that lymphocytes possessed prostaglandin I # synthase activity, which was capable of converting thrombocyte-derived prostaglandin H # into I
#
. Prostaglandin I # may increase cAMP in monocytes by stimulating IP (prostacyclin prostanoid) receptors [9] . However, we cannot exclude the possibility that several classes of prostaglandins contributed to thrombocyte-stimulated production of cAMP in LP. β # -Adrenoceptors probably did not contribute to basal production of cAMP in lymphocytes, but some cAMP was produced even if NA in LP was zero (Figure 1 ).
In conclusion, we have shown that NA in LP is a marker of the number of residual thrombocytes. The addition of thrombocytes to LP increased cAMP in lymphocytes. This response was not mediated by catecholamines but possibly by prostaglandins. NA and AD should preferably be studied in thrombocytes and not in LP, because thrombocytes are easily accessible. Thrombocyte catecholamine concentrations change slowly in response to changes in plasma catecholamine concentration but not to acute changes, e.g. in response to exercise [10, 11] . Our findings in patients with phaeochromocytoma are in accordance with this hypothesis, indicating that a new steady state may be attained within a few days.
